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Introduction
Several models have been proposed to render a comprehensive view of the mitotic metaphase chromosome structure (for review see Earnshaw, 1988; Paulson, 1988) . Among them, the scaffold-radial loop model is the most widely accepted. This model proposes the folding of the 30-nm chromatin fiber into radial loops. The bases of these loops are anchored to a fibrous network of nonhistone proteins, the scaffold (Paulson and Laemmli, 1977) . This scaffold is mainly composed of DNA topoisomerase I1 (ScI) and ScII proteins (Poljak and Kas, 1995; Saitoh et al., 1994; Earnshaw et al., 1985) .
' Supported by grant PM95-0038 awarded by the CICYT, Spain.
' Correspondence to: Carmen Antonio Gonzilez, Unidad de Citologia e Histologia. Departamento de Biologia. Edificio de Biol6gicas. Univ. Aur6noma de Madrid, 28049 Madrid, Spain. ing and SEM X-ray microanalysis, was performed on sections. By use of the Os-PPD-PAS procedure, glycol groups formed by oxidation of osmium bound to aromatic substrates were detected in chromatid cores and kinetochores by brightfield and fluorescence microscopy. A high 2 contrast was detgted in these structures by backscattered electron imaging. SEM X-ray microanalysis showed osmium and phosphorus to be the main elements present on the chromatid cores. Taking into account the known reactivity of Os04 and the present results, the possible participation of nucleic acids as well as proteins in the Os-PPD reaction mechanism and in the composition of chromatid cores and kinetochores is discussed. (J Hisrochem Cytochem 441279-1288, 19%) KEY WORDS: Chromosome cytochemistry; Chromatid core; Kinetochore; Meiosis; Osmium tetroxide; p-Phenylenediamine; Grasshopper spermatocytes. However, this model evolved bearing in mind the existence of a helical folding of the scaffold to explain the chromatid helical coiling observed in metaphase chromosomes which was considered the final step of chromosome condensation (Saitoh and Laemmli, 1994; Rattner and Lin, 1985) .
The existence of a chromatid axis or core has been demonstrated by light microscopic observations of silver-stained mitotic (Stack, 1991; Zhao et al., 1991; Satya-Prakash et al., 1980; Howell and Hsu. 1979) and meiotic chromosomes (Stack, 1991; Santos et al., 1987; Nokkala, 1985; Rufas et al., 1982) . During metaphase I the chromatid core is positioned in the periphery of each sister chromatid. The sister chromatid cores of each homologous chromosome are closely associated. At this stage, the four chromatid cores of a bivalent are discernible only at chiasmata sites, where they are not associated. During anaphase I, when the homologues move towards the opposite poles, sister chromatid cores dissociate and become located along the center of each chromatid. The positional changes that chromatid cores undergo during the first meiotic division imply a striking change in chromosome organization Rufas et al., 1987) .
Both the chromatid core and the scaffold are axial chromosome elements that are involved in organization and maintenance of the chromosome structure. In fact, a relationship between the silverstained chromatid core and the scaffold observed in histone-depleted mitotic chromosomes has been proposed (Earnshaw and Laemmli, 1984) . Moreover, top0 I1 has been detected in the chromosome cores of diplotene bivalents (Moens and Earnshaw, 1989) . Therefore, the existence of a scaffold-analogous structure during meiosis can be suggested.
The analysis of the morphological elements of the scaffold-radial loop model comes from the use of experimental procedures that imply important alterations in the chromosome structure. In fact, the mitotic chromosome scaffold was defined after observations of the residual structure obtained when histone proteins were depleted from the chromosome. Therefore, one of the main criticisms of this model is related to the absence of ultrastructural observations of the scaffold in native chromosomes. Experiments that attempted to detect this structure ultrastructurally in sectioned mitotic chromosomes not subjected to extraction procedures have been unsuccessful. The main problem in detecting such axial chromosome component is the high electron density shown by the chromatin after conventional procedures for electron microscopy. The only approach was made in swollen mitotic metaphase chromosomes, although no axial structures were clearly detected (Adolph, 1981 (Adolph, ,1988 . With regard to the chromatid cores, these have been ultrastructurally detected in silver-stained mitotic (Zhao et al., 1991) and meiotic chromosomes (Zhao et al., 1994; Rufas et al., 1992) although only after aggressive treatments.
We present here the use of the osmium tetroxide-p-phenylenediamine (Os-PPD) procedure to observe the chromatid cores and kinetochores in sectioned meiotic chromosomes by both light and electron microscopy. Previously, this technique allowed observation of the synaptonemal complex in mammalian spermatocytes and the nucleolus (Esponda and Stockert, 1978; Stockert, 1977; Stockert and Colman, 1974) . The main feature of this technique is the low degree of staining shown by the chromatin enhancing the chromatid cores. It is noteworthy that this feature is not due to the employment of extraction procedures before or after fixation of the material. We compared these results with those obtained after silver impregnation of squashed spermatocytes and discuss the possible macromolecular substrates that might be implicated in the Os-PPD reaction in chromatid cores and kinetochores.
Materials and Methods
Adult males of the grasshopper Chorthzppus jucundus (Orthoptera: Acrididae) were used for the present study. The male chromosome complement comprises 16 autosomes plus a single sex (X) chromosome. The three larger chromosome pairs are submetacentric, whereas the remaining chromosomes present terminal centromeres.
Light Microscopy
Silver Impregnation. This technique, a well-known reference technique revealing both chromatid cores and kinetochores in meiotic grasshopper chromosomes (Rufas et al., 1989; Suja et al., 1991) , was used to compare with the results obtained with the Os-PPD procedure (see below).
Testes of C. jucundus were removed and fmed in 3:l ethanol-acetic acid and stored at -20°C. Single seminiferous tubules were squashed in a drop of 50% acetic acid and coverslips removed after freezing in liquid nitrogen. Air-dried slides were incubated in double-strength saline citrate solution (2 x SSC; SSC is 0.15 M NaCl and 0.015 M sodium citrate) for 15 min at 60%. Then slides were thoroughly rinsed in tapwater, air-dried, and incubated in a drop of a silver nitrate solution I0.1 g silver nitrate (Panreac; Barcelona, Spain) in 0.1 ml of distilled water previously adjusted to pH 3 with formic acid] at 80°C in a moist chamber. Optimal staining was monitored under the light microscope. Finally, slides were gently rinsed in tapwater, air-dried, and mounted in Eukitt.
Osmium Tetroxide-pPhenylenedLmine (Os-PPD) Technique. Testes of C. jucundus were subjected to the previously described Os-PPD procedure (Esponda and Stockert, 1978; Stockert, 1977) . After fixation in 2% os04 in bidistilled water at room temperature (RT) for 1 hr, samples were rinsed in 6.5% sucrose in distilled water for 1 hr. During dehydration in ethanol the material was treated with 2% p-phenylenediamine (PPD) (Merck Darmstadt, Germany) in 70% ethanol for 2 hr at RT. Then samples were rinsed in 70% ethanol, dehydrated, and embedded in Epon 812. Semithin sections (1-1.5-pm thickness) obtained in a Reichert-Jung ultramicrotome (Vienna, Austria) were directly observed under brightfield illumination or phase-contrast optics.
Os-PPD-PAS Technique. To reveal glycol groups originated from osmium-reactive sites (Stockert, 1977) , 1-pm-thick Os-PPD sections were first treated with 3% H202 for 30 min at RT, then subjected to oxidation with 1% periodic acid for 1 hr at RT and briefly rinsed in distilled water. After treatment with the Schiff reagent for 30 min at RT, the slides were rinsed in SO2 water (5% Na~S205 and 1% CLH in distilled water). Finally, sections were air-dried, mounted in immersion oil, and observed in an Olympus BH2 microscope (Olympus; Tokyo, Japan) under brightfield illumination, phase-contrast. or epifluorescence, using the filter set for green exciting light (bandpass 545 nm).
Image Capture and Ptocesing. Images from light microscopy pictures obtained from Os-PPD semithin sections were captured by a Hewlett-Packard ScanJet I1 cx scanner (Hewlett-Packard; Boise, ID) and processed using the Aldus Photostyler 2.0 software (Aldus; Seattle, WA). Image files were printed on transparent film. Consecutive transparent films were manually superimposed and scanned again. The resulting image was directly photographed from the computer screen.
EZectron Microscopy
Transmission Electron Miaoscopy. For TEM analysis, Os-PPD thin sections (0.2-0.5 pm) were transferred to copper-rhodium grids without plastic membrane and observed without posterior contrasting in a Jeol 1010 transmission electron microscope Ueol; Tokyo, Japan) operated at 80 kV.
Scanning Electron Microscopy. Semithin sections (1-1.5 pm) were deposited in a small drop of distilled water on the surface of cylindrical graphite supports (EMS, Jeol Carbon Mounts in SEM Supplies). Supports were previously polished with emery grinding paper for metallography (No. 1200 Buehler, Lake Bluff, IL), and then sonicated in ethyl ether for 5 min to remove silica contaminants.
Air-dried sections lacking carbon or metal coating were directly observed at 20 kV in a field emission SEM S 4100 (Hitachi; Tokyo, Japan) equipped with a conventional secondary electron (SE) detector and a backscattered electron (BSE) detector (Autrata; mode composition, working distance 5 mm). The normal signal polarity of the BSE detector was used to visual- ize structures with high atomic number (2) contrast, which appeared as bright images [the highest atomic number (Z) corresponds to the greatest electron backscattering and brightness]. BSE detection lacks SE artifacts (such as edge and charge effects) and is very suitable for structural and cytochemical analysis using heavy atoms (e.g., Os, Pb, Ag, Au) (Stockert et al., 1992; Ushiki and Fujita, 1986) . In this respect, it must be mentioned that silver-stained chromatid cores from human metaphase chromosomes not apparent by light microscopy have been observed by BSE imaging (Allen et al., 1986) . Because the amount of BSEs is linearly related to specimen thickness u p to 5 pm (Stols et al., 1986) . no distortion of this signal occurs in 1-1.5-pm-thick sections and therefore BSE imaging clearly reflects the distribution of heavy atoms in meiotic chromosomes. The SE and BSE images were displayed simultaneously on the two halves of the SEM screen, while separate imaging modes were used for more accurate observation and photography. Likewise, to record the distribution of 2 contrast, the BSE signal was directly scanned along selected lines (BSE line scanning).
X-ray Microanalysis (XRMA). Semithin sections (1-1.5 pm) were observed at either 10 kV or 20 kV and subjected to XRMA in an SEM ISM 6300 (Jeol) equipped with a solid-state BSE detector (mode composition, working distance 15 mm) and an XRMA device (Link, model Isis; Oxford Instruments; X-ray spectrometer: Link Pentafet A m , working distance 15 mm, tilt 0". system resolution 90 eV, counting time 100 sec). The ZAF method (two iterations) was used for quantitative determinations of phosphorus, chlorine, and osmium using the K, K, and L lines of these elements, respectively. The X-ray emission value for each element (which is proportional to its concentration) was expressed as a percentage of all the elements analyzed.
Results

Light Microscopy
Silver-impregnated metaphase I bivalents show two deeply stained structures: chromatid cores and kinetochores. The two closely associated sister chromatid cores of each homologous chromosome are observed as a single longitudinal axial element (Figure 1 ). The individual sister chromatid cores are discernible only at the chiasmata sites, where they are dissociated. These structures are continuous with a silver-stained dot located at the centromeric region. This dot represents the two associated "ball-and-cup" sister kinetocores (Figure 1 ). At anaphase I the sister chromatid cores are individualized all along their length, with each one located in the center of its chromatid. The sister kinetochores appear as two wellindividualized dots (Figure 2 ). For a more detailed morphological analysis of these situations see Rufas et al. (1989) and Suja et al. (1992) .
When observed under brightfield microscopy, semithin sections of Os-PPD-treated spermatocytes show a pale brown cytoplasm.
Nucleoli, mitochondria, and plasma membranes appear dark brawn, whereas the chromatin remains unstained. Inside the metaphase I bivalents, two deeply stained structures can be clearly discerned. First, an axial structure running along the central region ofthe bivalent is observed. This line is located in the same position as the silver-stained chromatid cores. Second, two black dots per bivalent that are oriented towards opposite poles are clearly visualized (Figure 3) . These dots are in the same position as the silver-stained kinetochores, although they are somewhat smaller in size (compare Figures 1 and 3) . The differential Os-PPD staining can be enhanced by observation of sections under phase-contrast optics (Figures 3 and 4) . The Os-PPD technique also reveals chiasmata sites. In single sections, the chiasma present in the smallest bivalents can be discerned (see Figure 3 ). However, in the larger bivalents showing several chiasmata, reconstructions from serial sections are necessary to assess their number and location ( Figures 5-7) . At anaphase I, each half-bivalent clearly shows two individualized sister kinetochores continuous with the chromatid cores. These cores run along the central region of each chromatid, although they do not reach the distal chromatid end (Figure 4) .
Os-PPD sections were treated with the PAS procedure to ascertain if the osmium is responsible for the high contrast shown by the chromatid cores and kinetochores in relation to the chromatin. When these sections are observed by brightfield microscopy, the chromatin shows a pale pink color, whereas chromatid cores and kinetochores appear red-purple and the cytoplasm rqmains unstained (Figure 8 ). When the same Os-PPD-PAS sections are observed by epifluorescence microscopy, both chromatid cores and kinetochores show the highest red emission, whereas the chromatin presents a weak fluorescence intensity and the cytoplasm does not show any fluorescence (Figure 9 ). It is interesting to note that those chromosome structures that appear stained black after Os-PPD (Figures 5 and 6 ) are PAS-positive (Figures 8 and 9 ), whereas structures that are stained brown, such as cytoplasm, show a negative response with this technique.
Transmission Electron Microscopy
The observation of Os-PPD-treated spermatocytes by TEM requires an increased section thickness to obtain a better contrast and definition of the cell structures, The color differences observed under the light microscope between the chromatin and chromatid cores and kinetochores are ultrastructurally detected as differences in electron density. Os-PPD-treated spermatocytes show highly contrasted cellular structures immersed in a low electron-dense cytoplasm. Nucleoli, mitochondria, and plasma membranes are detected as electron-dense structures, whereas the chromatin shows a very low contrast. Moreover, chromatin is clearly distinguished from the cytoplasm. even when no TEM-detectable structures between them are observed, owing to their different electron density (Figure 10) . The contrast shown by the chromatin masses is directly related to their condensation degree, i.e., the highly condensed chromatin appears less electron dense than the undercondensed chromatin.
The low electron density of the chromatin at metaphase I enabled us to recognize some well-contrasted structures inside the bivalents. Amorphous electron-dense axes (about 0.4 pm thick) running along the inner region of each bivalent and corresponding to the two associated silver-stained chromatid cores are clearly observed. Each axis is continuous with an ellipsoidal fibrillar mass of about 0.4-0.5 pm located at the periphery of bivalents and facing the cell poles. These structures, which correspond to the two associated "ball-and-cup" sister kinetochores, show a smaller size than after silver staining. The Os-PPD sections studied by both light and electron microscopy show that, as after silver impregnation, the only region at which chromatid cores contact the bivalent periphery is the kinetochore (Figure 10 ). An accurate analysis of thin nm) metaphase I sections after Os-PPD staining confirms the previously noted doubleness of the dense axes. Each axis is really composed of two independent structures, the sister chromatid cores. These cores are connected by an amorphous material except at the chiasmata sites (Figure 11 ).
Scanning Electron Microscopy
When observed with the SE detector, the flat surface of semithin sections shows only very weak topographic contrast, and no particular features can be visualized in the structure of metaphase I bivalents. However, BSE imaging provides sharp pictures of the cell morphology, showing the high atomic number contrast (Z contrast) expected from the selective deposition of osmium in cell structures.
Because the image of Os-PPD sections is heavily dominated by Z contrast effects, chromatid cores and kinetochores appear very bright and well distinguished from the surrounding dark chromatin (Figures 12 and 13) . The BSE line scanning of metaphase I chro- Figure 13, showing the distribution of 2 contrast (brightness from the ESE signal) along the different structures. cy, cytoplasm; cc1 and cc2, chromatid cores of bivalents 1 and 2, respectively. ANTONIO, GON~LEZ-GARCh. PAGE, SUJA, STOCKERT. RUMS Figure 15 . The spectrum from the surrounding Chromatin (ch) is also shown. In the superimposed spectra, the corresponding difference between them is shown in black.
Figure 14. BSE line scanning of the region labeled in
mosomes confirms these differences in the Z contrast distribution (Figures 13 and 14) .
Other cell structures are also seen by BSE imaging, the cytoplasmic boundary of metaphase I chromosomes, mitochondria, and round lipid inclusions in the cytoplasm appearing with high Z con-trast. In addition, the remaining cytoplasm of spermatocytes shows considerable brightness. It is interesting to note that the Zcontrast distribution observed in the cell structures by BSE imaging correlates with the Os-PPD positivity in light microscopy, using either brightfield illumination or phase-contrast optics.
X-ray Microanalysis
X-ray emission spectra from semithin sections of Os-PPD-treated chromosomes confirm the expected Occurrence of osmium (Os) and phosphorus (P) in the chromatid cores (Figures 15 and 16) . Peaks from C, N, 0, and Cl mainly originate from the graphite support and epoxy resin. The signal of Os (lines Mall2 and MB1 at 1.909 and 1.978 keV, respectively) is found considerably superimposed on the signal of P (lines Kal and Ka2 at 2.014 and 2.013 keV, respectively). However, X-ray spectra from chromatid cores and surrounding chromatin are clearly different. The chromatid core Os and P signals are higher and lower, respectively, than those found in the surrounding chromatin (Figure 16, inset) . A high Os signal also occurs in kinetochores, lipid inclusions, mitochondria, and some perichromatin material of metaphase I chromosomes.
Quantitative analysis and comparison of clearly detected elements (P, Cl, Os) in four chromatid cores are shown in Table 1 . Taking into account the fact that the Cl signal from Epon 812 is a suitable internal standard for normalization of P and Os values. the corresponding ratios (PIC1 and OslCI) were obtained. The present results show that the normalized OslP values for chromatid cores are very constant and correspond to an average ratio of 5.7 osmium atoms per phosphorus atom. Although the sulfur (S. Ka) signal of metaphase I chromosomes is hardly visible, some X-ray spectra of the cores reveal a slight increase of S over chromatin spectra (data not shown).
Discussion
Our results show that the Os-PPD procedure allows differentiation of the chromatid cores and kinetochores during metaphase I and anaphase I stages, when chromatin is highly packaged. These structures are clearly discerned under both light and electron microscopy, since the chromatin shows an unusually low electron density. In this sense, the Os-PPD technique is a very valuable method to observe inner chromosome structures regardless of the chromatin condensation level. Until now, chromatid cores had not been ultrastructurally observed because of the high electron density shown by the chromatin after conventional procedures. It must be stressed that the Os-PPD staining properties are not a consequence of extraction treatments before or after fixation of the material. In this procedure the osmium tetroxide is employed as a fixing and staining reagent, and PPD treatment intensifies the reaction product of o s 0 4 with the substrates, inducing a striking blackening of Os04-fixed tissues (Colman and Stockert, 1983; Stockert, 1977; Ledingham and Simpson, 1972) . It is known that certain 0~0 4reactive compounds, such as pyrimidines, aromatic amino acids, and unsaturated lipids (Nielson and Griffith, 1979: Beer et al., 1966; Burton and Riley, 1966) . are able to form glycol derivatives after hydrolysis (Stoeckenius and Mahr, 1965; Wigglesworth, 1957) . These compounds are easily detected by their PAS-positive reaction (Stockert, 1977; Riemersma, 1963) . When we performed the PAS proce- It is therefore tempting to speculate that the striking reaction of chromatid cores and kinetochores could involve DNA fractions, RNA, and proteins. We discount the unsaturated lipids as elements involved in the Os-PPD staining mechanism due to their unlikely presence in chromosomes. The involvement of DNA in the Os-PPD reaction mechanism must be taken into account because it has been reported that certain AT-rich DNA sequences included in the DNA scaffoldassociated regions (SARs) posses several sites of selective Os04 reaction (Paul and Fed, 1993; McClellan and Lilley, 1987) . According to the scaffold-radial loop model for chromosome organization, SARs are the attachment sites of the chromatin loops to the scaffold proteins (Poljak nad K h , 1995; Gasser and Laemmli, 1986) . Therefore, if we consider that the chromatid core could play a similar role to that of the scaffold during the meiotic divisions, the possible involvement of specific DNA fractions in the Os-PPD reactivity of chromatid cores and kinetochores cannot be excluded. However, further experiments are necessary to assess this possibility.
The Os-PPD method has been used to observe ribonucleoprotein (RNP)-containing structures such as the nucleolus (Stockert, 1977; Stockert and Colman, 1974) and the synaptonemal complex (Esponda and Stockert, 1978) . The presence ofRNPs in the trilaminar (Rieder, 1979) and "ball-and -cup" (Fsponda, 1978) kinetochores of monocentric chromosomes has been previously reported, as well as in the trilaminar kinetochore of holocentric ones (GonzP- lez-Garcia et al., 1996) . Taking into account these observations and the kinetochore osmiophilia we report here, the ribonucleoprotein nature of the kinetochore cannot be ruled out as responsible for its Os-PPD reactivity.
Finally, the involvement of proteins in the Os-PPD reaction of chromatid cores and kinetochores may also be considered. XRMA quantitative determinations indicate an average OslP ratio of 5.7 for the chromatid cores (Table 1) . However, when the known stoichiometry of osmium binding to pyrimidines from singlestranded nucleic acids is taken into account (Beer et al., 1966; Burton and Riley, 1966) , an Os/P ratio lower than 1 would be expected. Therefore, the local deposition of a great amount of osmium could be interpreted as an additional Os04 reaction with aromatic and sulfhydryl amino acids (Nielson and Griffith, 1979) from proteins. This result, together with the previously reported presence of phosphorylated top0 I1 at the axial region of the chromosome arms and kinetochores of mitotic chromosomes (Earnshaw and Mackay, 1994; Taagepera et al., 1993) and the detection of specific phosphoproteins in the kinetochores of meiotic chromosomes (Campbell and Gorbsky, 1995; Nicklas et al., 1995) , strongly supports the involvement of specific phosphoproteins in the Os-PPD reactivity of both chromatid cores and kinetochores.
In summary, Os-PPD staining reveals specific structures in meiotic chromosomes without any previous extraction treatment before the fixation and embedding procedure. Although at present no definitive evidence for the precise substrate(s) implicated in this staining reaction can be offered, the observation of chromatid cores and kinetochores in native chromosomes by the Os-PPD procedure represents a new methodological and morphological approach which could be very valuable in future studies of the organization of mitotic and meiotic chromosomes.
